1. When entomophilous plants are introduced to a new region, they may leave behind their usual pollinators. In particular, plant species with specialized pollination may then be less likely to establish and spread (i.e. become invasive). Moreover, other reproductive characteristics such as selfcompatibility and flowering duration may also affect invasion success. 2. Here, we specifically asked whether plant species' specialization towards pollinator species and families, respectively, as measured in the native range, self-compatibility, flowering duration and their interactions are related to the degree of invasion (i.e. a measure of regional abundance) in nonnative regions. 3. We used plant-pollinator interaction data from 119 German grassland sites to calculate unbiased indices of plant specialization towards pollinator species and families for 118 European plant species. We related these specialization indices, flowering duration, self-compatibility and their interactions to the degree of invasion of each species in seven large countries on four non-Eurasian continents. 4. In all models, plant species with long flowering durations had the highest degree of invasion. The best model included the specialization index based on pollinator species instead of the one based on pollinator families. Specialization towards pollinator species had a marginally significant positive effect on the degree of invasion in non-native regions for self-compatible, but not for selfincompatible species. 5. Synthesis. We showed that long flowering duration is related to the degree of invasion in other parts of the world, and a trend that pollinator generalization in the native range may interact with self-compatibility in determining the degree of invasion. Therefore, we conclude that such reproductive characteristics should be considered in risk assessment and management of introduced plant species.
Introduction
Seed production of the majority (> 80%) of flowering plant species relies, at least partly, on insect pollination (Ollerton, Winfree & Tarrant 2011) . Many entomophilous alien species, thus, can only reproduce, establish naturalized populations and spread (i.e. become invasive sensu Richardson et al. 2000a ; Blackburn et al. 2011) , if effective pollinators also occur in the non-native region (Parker & Haubensak 2002) . These may be pollinators native to this region (Muñoz & Cavieres 2008; Rodger, van Kleunen & Johnson 2010) , introduced pollinators (Stout, Kells & Goulson 2002; Gross et al. 2010) or both (Parker 1997) . A shared evolutionary history of both plant and pollinator is thus not a prerequisite (Gross et al. 2010; Pattemore & Wilcove 2012) . However, whether an introduced plant species will attract pollinators in the new range probably depends on its level of specialization towards pollinators (Baker 1974) .
It has been suggested that most invasive plant species are not pollinator limited (Richardson et al. 2000b ; but see Parker 1997) and that they are well integrated into plant-pollinator networks in the non-native range (Memmott & Waser 2002; Vil a et al. 2009 ). These and other studies on the pollination of alien plant species mostly focused on highly invasive ones and neglected less successful alien species. As a consequence, it is not clear whether there is a relationship between the degree of invasion (i.e. regional abundance) and specialization towards pollinators. Moreover, if one wants to predict invasiveness of plant species in non-native ranges, it is useful to assess specialization in the native range and whether it relates to species' invasiveness elsewhere . Then, it will be possible to explicitly test whether generalized plant species have a higher degree of invasion than specialized species in regions where they are not native. So far, this native-range approach has never been applied with respect to pollinator specialization.
Quantifying plant specialization to pollinators is notoriously difficult (Waser et al. 1996; Fenster et al. 2004) . One can calculate specialization indices based on the diversity of pollinator species or based on the diversity of pollinator families (Ollerton et al. 2007) . Although pollinator species within a family may belong to different functional groups (e.g. longtongued bees, short-tongued bees, other Hymenoptera; see Fenster et al. 2004) , they are usually more likely to be functionally analogous than species of different families (Ollerton et al. 2007) . Therefore, the diversity of pollinator families would take into account that a plant species pollinated by two butterfly species is functionally more specialized than a plant species pollinated by one butterfly and one bee species. 'Mere' numbers of pollinator species and families visiting a plant species (Waser et al. 1996; Ollerton et al. 2007) or the number of links of a plant species with pollinators in a plantpollinator network (Fontaine, Th ebault & Dajoz 2009 ) may already serve as proxies of specialization. However, these metrics inevitably depend on observation frequency and, consequently, may be biased in that more common (or more attractive) species are regarded as more generalized (Bl€ uthgen 2010) . Moreover, these estimates of specialization do not take into account the uniqueness of a plant-pollinator interaction (i.e. whether a plant is visited by a specialized or a generalized pollinator) and that two plant species may have the same number of (identical) pollinator species but differ in specialization because one of them is equally visited by all pollinators and the other predominantly by one of the pollinators (i.e. differ in evenness). These points can be accounted for by using a standardized metric derived from the KullbackLeibler distance (d i '), which was recently proposed as a metric for specialization in quantitative plant-pollinator networks (Bl€ uthgen, Menzel & Bl€ uthgen 2006) .
The importance of pollinator specialization for the degree of invasion may also depend on other reproductive characteristics of plant species and might be confounded with them. Self-compatible species, which do not exclusively rely on pollinators, and long flowering species, which have more time to wait for suitable pollinators, should be more likely to establish and spread after introduction to other parts of the world (Baker 1955) . Indeed, several recent studies showed that self-compatibility or autofertility (Rambuda & Johnson 2004; van Kleunen & Johnson 2007; van Kleunen et al. 2008; Hao et al. 2011; Py sek et al. 2011; Knapp & K€ uhn 2012) and long flowering duration (Cadotte & Lovett-Doust 2001; Lake & Leishman 2004; Lloret et al. 2005) are frequently related to the degree of invasion of alien plants. Furthermore, length of flowering duration and the use of different pollination vectors were shown to act in concert to affect invasion success of introduced plant species in Germany (Knapp & K€ uhn 2012) . Therefore, we expect that the degree of invasion may be most restricted by pollinator specialization for self-incompatible species and for shortflowering species.
We assessed indices of specialization towards pollinator species and families for 118 European grassland species based on plant-pollinator interaction data from 119 grassland sites in Germany. For these species, we also compiled data on their self-compatibility and flowering duration and on their degrees of invasion (proportion of occupied regions) in seven large non-Eurasian countries where they have established. We used these data to answer the following specific questions: (i) Does the degree of invasion in non-native regions depend on specialization towards pollinators in the native range, selfcompatibility and flowering duration? (ii) Does the relationship between the degree of invasion and pollinator specialization depend on self-compatibility and flowering duration?
Materials and methods
We collected data on plant-pollinator interactions in the 'Biodiversity Exploratories', consisting of three major research areas (so-called Exploratories) located in northern (Schorfheide-Chorin), central (Hainich-D€ un) and southern (Schw€ abische Alb) Germany (www.biodiversity-exploratories.de; Fischer et al. 2010) . These regions cover study areas of different topographic and climatic characteristics (e.g. altitude, precipitation) and a large proportion of the variation in grassland use in Central Europe . In each of the Exploratories, which cover areas of 700-1300 km², there are 50 experimental grassland plots of 50 9 50 m selected by Fischer et al. (2010) . From May to August 2008 (i.e. during peak flowering), we conducted 162 surveys in 119 of these 150 experimental grassland plots (Hainich-D€ un: 51, Schw€ abische Alb: 63, Schorfheide-Chorin: 48). We could not sample 31 of the 150 plots because there were no flowering plants at the time of visit, mainly due to grazing or mowing. Most plots were sampled on a single day each, but some were sampled repeatedly to cover seasonal variation due to higher plant species diversity.
We observed plant-pollinator interactions within 3-m-wide stripes along the edges of the grassland plots, totalling 200 m in length. Each survey covered 6 h (three times 2 h) of sampling between 8 a.m. and 6 p.m. depending on weather conditions, resulting in a total observation time of 972 h for all plots. One 'flowering unit' was defined as a unit of one (e.g. Ranunculaceae) or more flowers (e.g. Asteraceae) demanding an insect to fly in order to reach the next unit (Dicks, Corbet & Pywell 2002) . We recorded all flower visitors that touched the reproductive parts of a flowering unit -and thus are likely to be pollinators -and the plant species on which they were observed. Although performance of pollinators (sensu Ne'eman et al. 2010) differs between species and individuals of a species, visitation rate is regarded as a useful predictor of pollination (V azquez, Morris & Jordano 2005) . For insect species that could not be determined in the field, specimens were collected to identify them in the laboratory. Thysanoptera (thrips) and Nitidulidae (sap beetles) were excluded from analysis as they are easily overlooked due to their small size, and thus may create a bias for some plants if collected erratically. The complete data set consisted of a total of 24 665 interactions among 159 plant species, representing 23 plant families, and 764 pollinator species, representing 78 pollinator families.
Since the number of pollinator species increases with the number of observations of a plant, and to allow different quantitative weights for pollinators according to their contribution to plant visitation, we employed an information-theoretical specialization metric d i ' derived from the Kullback-Leibler distance (Bl€ uthgen 2010) to determine specialization towards pollinators. The metric d i ' ranges from 0 to 1, with high values indicating specialization. Due to a null-model-based correction, this index has the advantage of being unaffected by variation in sampling effort or total interaction frequency and thus the incompleteness of sampled plant-pollinator interactions (Bl€ uthgen et al. 2007; Bl€ uthgen 2010) . Note that d i ' also depends on the exclusiveness of the interactions (i.e. the degree to which a plant species is served by pollinators that do not serve other plant species; more details about the theory and calculation of the d i ' metric are provided in Appendix S1 in Supporting Information). The d i ' metric was calculated for each plant species per site and sampling date and then averaged per species to account for spatial and temporal variation. We distinguished d′ spec for plant-pollinator interactions that are resolved on the pollinator species level from d′ fam , for which pollinators and their interaction frequencies were pooled at the family level prior to analysis. Calculations of d i ' were made with the function dfun in the package 'bipartite' (Dormann, Gruber & Fr€ und 2008; Dormann et al. 2009; see Bl€ uthgen et al. 2007 ) of the free statistical software R (version 2.10.0; R Development Core Team 2009). Fuentes et al. (2010) for Chile and Argentina. For each plant species, we counted the number of regions (i.e. provinces, states, territories or districts) per country in which the species occurs, and calculated the proportion of occupied regions per non-native country (i.e. regional abundance) as a measure of the degree of invasion. Although the proportion of occupied regions is a crude measure, higher-resolution data (e.g. subregional or proportion of occupied habitats) are not available. The use of proportion of occupied regions as a measure of degree of invasion is regarded ecologically consistent with the concept of invasiveness involving range expansion (sensu Richardson et al. 2000b ; see Muth & Pigliucci 2006; van Kleunen & Johnson 2007) . If a certain species did not occur in a country, we removed this species-by-country combination from the data set, because absence of a species in a country might simply reflect that it has not been introduced and, thus, never had the opportunity to establish. Of the 159 plant species with pollinator specialization data, 133 have established in at least one of the 7 non-native countries.
D A T A O N D I S T R I B U T I O N O F P L A N T S P E C I E S I N N O N -N A T I V E P A R T S O F T H E W O R L D
We extracted data on whether a plant species is potentially selfcompatible or not, and flowering duration (i.e. length of flowering duration in Germany in months, which ranged from 2 to 12 months; Table 1 ) from the BiolFlor data base (Klotz, K€ uhn & Durka 2002) . For 120 of the 133 species that had established elsewhere, we had complete data for traits and degree of invasion (see Table S2 ). Two of these species are native to parts of Europe but are neophytes in Germany, and were excluded. The resulting data set included 118 plant species and 463 species-by-country combinations (Table 1) . Flowering duration was slightly negatively correlated with d′ fam (Pearson's r = À0.221, n = 118, P = 0.016), but not with d′ spec Table 1 . Numbers of self-compatible (SC) and self-incompatible (SI) plant species in our study and means and ranges of specialization indices as well as flowering durations per country. The numbers in parentheses behind the country names refer to the total number of regions per country (r = À0.103, n = 118, P = 0.268). This indicates that there was no strong multicollinearity between explanatory variables.
S T A T I S T I C A L A N A L Y S I S
To test how the degree of invasion (i.e. proportion of occupied regions per non-native country) relates to the specialization indices (i.e. d′ spec and d′ fam ), self-compatibility and flowering duration of our 118 study species, we applied linear mixed-effects models using the 'nlme' package (Pinheiro et al. 2012 ) of the free statistical software R (version 2.10.0, R Development Core Team 2009). Because plant species might, as a consequence of a shared evolutionary history, not be independent data points (Felsenstein 1985) , we incorporated phylogenetic information in the analyses. Therefore, we made a phylogenetic tree for our study species by pruning a recently published dated supertree for the European flora (Durka & Michalski 2012 ; see Appendix S2, Fig. S2 ). We used a supertree approach instead of a supermatrix approach (e.g. Binda-Emonds et al. 2003) , because this allowed us to include all study species in the analyses. Because we had multiple observations for many of the species, we inserted shortbranched polytomies into the tree, resulting in a tree with 463 tips (see Appendix S2). The phylogenetic information of this tree was then included in the linear mixed-effects models by specifying a phylogenetic correlation structure and applying a Grafen model of evolution (Grafen 1989) . In other words, we used a regression that included expected variances of and covariances between species (and multiple observations per species) based on the phylogeny (Garland & Ives 2000) . We also tried models in which we used a Pagel model of evolution (Pagel 1999) , but these models had higher AIC values, and were therefore not further considered. We included 'country' as a random factor to account for variation in proportion of occupied regions among countries, and each of the specialization indices, selfcompatibility, flowering duration and the interactions of the latter two with the specialization indices as fixed terms. We tested whether each of the fixed terms had significant effects on the proportion of occupied regions of the species using likelihoodratio tests. Each of the two-way interactions was tested by comparing the complete model with the model from which the two-way interaction of interest had been removed. Each of the main effects was tested by comparing a model without interactions (i.e. with main effects only) with the model from which the main effect of interest had been removed. For these model comparisons, we used maximumlikelihood (ML) estimation. However, for the estimates of the effects in the complete model, we used restricted maximum-likelihood (REML) estimation, because this method gives less-biased estimates than ML (Zuur et al. 2009 ). To test whether variation among countries was significant, we checked whether the confidence intervals of the random factor 'country' were bounded away from zero (Pinheiro & Bates 2000) . Prior to analysis, we logit-transformed the proportion of occupied regions per non-native country to meet model assumptions (Warton & Hui 2011) and scaled all numerical explanatory variables to a mean of zero and a standard deviation of one to reduce possible collinearity among them and to facilitate comparisons between estimates (Schielzeth 2010).
Results
The specialization indices d′ spec and d′ fam were significantly correlated with each other (Pearson's r = 0.648, n = 118, P < 0.001; Fig. S2 ). The model including d′ spec had a slightly lower AIC value than the one including d′ fam ( Table 2) , indicating that the model with d′ spec best explained the variation in the degree of invasion.
In both models, the degree of invasion was significantly positively affected by flowering duration (Table 2 and Fig. 1 ). The means (AE SE) of the proportion of occupied regions for the 20 species with the shortest and the ones with the longest flowering durations were 0.308 (AE 0.041) and 0.561 (AE 0.047), respectively. The main effects of self-compatibility and specialization indices were not significant (Table 2) . However, in the model including d′ spec , there was a marginally significant positive effect of the specialization index on degree of invasion (P = 0.052, Table 2 and Fig. 1 ). This effect was not apparent though when we did not correct for phylogenetic non-independence of the species, as the means (AE SE) of the proportion of occupied regions for the 20 species with the lowest and the ones with the highest d′ spec were 0.348 (AE 0.035) and 0.340 (AE 0.053), respectively. In the model, which included phylogenetic information, this effect of d′ spec was mainly caused by the self-compatible species, as indicated by the marginally significant interaction between specialization index and self-compatibility (P = 0.080, Table 2 and Fig. 1 ).
Discussion
Our study showed that out of the three reproductive characteristics included in our study, flowering duration was most strongly related to the degree of invasion of European plant species in non-native regions. The main effects of selfcompatibility and specialization towards pollinators in the native range were not significant. However, there was a trend that, among self-compatible plant species, the ones that were more strongly specialized towards pollinator species had a higher degree of invasion. This suggests that the effects of pollinator specialization on the degree of invasion may depend on the mating system.
E F F E C T S O F P O L L I N A T O R S P E C I A L I Z A T I O N O N T H E D E G R E E O F I N V A S I O N
A recent study, using a data base of associations between invertebrates and plants in north-western Europe, showed that the spread of alien plant species in the Czech Republic is positively correlated with the number of pollinators that are known to visit these species ). This could indicate that, among the alien plant species, pollinator generalists have become more widespread. However, in contrast to our study, Py sek et al. (2011) used counts of pollinator species and functional groups from the non-native range, and they could not correct for observation frequency. Consequently, it is likely, as suggested by Py sek et al. (2011) themselves, that the positive association between distribution and pollinator diversity in the non-native range reflects that widespread alien plant species had a higher chance to accumulate pollinator species. Our approach of determining pollinator specialization in the native range, while accounting for observation frequency, and relating it to degree of invasion in non-native ranges, is a straightforward test of the potential role of pollinator specialization for invasiveness. The effect of specialization towards pollinators was not significant, and there was even a trend that more strongly specialized species had a higher instead of a lower degree of invasion in non-native regions. This indicates that pollinator specialization may not be a huge barrier to becoming invasive, and is in line with some recent case studies showing that apparently specialized plant species can become invasive (Rodger, van Kleunen & Johnson 2010; Ollerton et al. 2012) . The next step for arriving at a better mechanistic understanding of the role of pollinator generalization in invasiveness would be to test whether pollinator generalization as measured in the native range is positively associated with pollinator generalization in the non-native range.
We found that for self-compatible species, there was a slight positive effect of pollinator specialization on the degree of invasion, whereas for self-incompatible species there was no apparent effect of pollinator specialization. Although this interaction between self-compatibility and pollinator specialization was not statistically significant (P = 0.080), this result was opposite to our expectation that pollinator specialization should have a negative effect on degree of invasion of selfincompatible species, which are fully reliant on pollinators. The absence of a negative relationship between pollinator specialization and degree of invasion in our study may be specific for plant species that are native to Europe. Most of the major functional groups of pollinators (e.g. bees, flies, butterflies) in Europe also occur in other continents and may thus be likely to visit the European plants in other continents. However, for plant species native to continents with relatively unique groups of functional pollinators (e.g. hummingbirds, bats), a negative relationship between pollinator specialization in the native range and degree of invasion elsewhere might be more likely. A potential reason for the slight positive effect of pollinator specialization on the degree of invasion of self-compatible species could be that self-compatible species with few pollinators in the native range may have a higher capacity for autonomous self-fertilization and therefore have a higher degree of invasion. However, because we do not have quantitative data on the capacity for autonomous self-fertilization of our study species, we could not test this.
E F F E C T S O F S E L F -C O M P A T I B I L I T Y O N T H E D E G R E E O F I N V A S I O N
A number of recent studies found evidence that self-compatibility and autonomous seed production contribute to the establishment and spread of alien species (Rambuda & Johnson 2004; van Kleunen & Johnson 2007; van Kleunen et al. 2008; Hao al. 2011; Py sek et al. 2011; but see Sutherland 2004; Burns et al. 2011 for exceptions) . In our study, there was no significant effect of self-compatibility on the degree of invasion. However, for species with high d′ spec values, the self-compatible ones tended to have a higher degree of invasion than the self-incompatible ones (Fig. 1a) . The opposite trend was apparent for species with more generalized pollination systems. Most probably, this contrast reflects that species (a) (b) Fig. 1 . Fitted relationships of degree of invasion, measured as logit (proportion of occupied regions), with flowering duration and Kullback-Leibler distance-derived indices of specialization towards (a) pollinator species (d′ spec ) and (b) pollinator families (d′ fam ) for self-compatible (grey) and self-incompatible (white) species. Significances are given in Table 2 , and estimates and standard errors of the model terms are given in Table S3 .
with specialized pollination systems are less likely to attract pollinators in the non-native range and thus rely more on selfing as a means of reproductive assurance.
Flowering phenology is a fundamental factor in shaping plant-pollinator interactions as plants can use only those pollinators whose activity periods overlap with the flowering periods (Parker 1997) . Having a long flowering period increases the likelihood that at least some flowers on a plant will be visited and successfully pollinated. It has frequently been found that long flowering periods are positively correlated with invasiveness in the non-native range of alien species (Lloret et al. 2005; K€ uster et al. 2008) . Although flowering durations may change after introduction -particularly after introduction into areas with a climate different from that in the native range -our results show that flowering duration as assessed in the native range is also related to the degree of invasion elsewhere. Because species with long flowering durations are more attractive as ornamental plants, the association between invasiveness and flowering duration could also, at least partly, reflect an introduction bias (see Chrobock et al. 2011) . However, because most of our study species have neither showy flowers nor showy foliage, it is unlikely that many of them were introduced elsewhere for ornamental purposes. Therefore, we conclude that it is very likely that a long flowering duration increases invasiveness because it increases the chance of reproduction.
C O M P A R I S O N O F T H E S P E C I A L I Z A T I O N I N D I C E S
A plant species that can be pollinated by a wide range of functionally different pollinators from different families should be more likely to find a suitable pollinator than one that relies on a single functional group of pollinators. Therefore, we expected that a specialization index based on number of pollinator families would be sufficient to characterize pollinator specialization of introduced plant species. However, this was not supported by our results, as the AIC value of the model with d′ fam was slightly higher -indicating a lower fitthan that of the model with d′ spec . This suggests that it is not sufficient to determine pollinators only at the family level if one wants to quantify pollinator specialization. Recent studies have shown that the degree of pollinator specialization is related to floral morphology (e.g. Stang, Klinkhamer & van der Meijden 2006) , which suggests that measurements of floral morphology might be an alternative, less labour-intensive way to infer pollinator specialization. Future studies should therefore test explicitly how floral morphology is related to the degree of invasiveness of plant species.
Conclusions
Because of their direct link to demographic processes, reproductive characteristics are frequently considered to be key traits for invasiveness (Richardson et al. 2000b) . Consequently, reproductive traits are among the species characteristics used to assess the risk that alien species might become invasive (Pheloung, Williams & Halloy 1999) , and these traits are also considered in the development of strategies to manage species that have already become invasive (Viegi 2001) . However, the empirical basis for this has been missing as only few studies have explicitly tested the importance of reproductive characteristics for invasiveness. Here, we showed that long flowering duration is related to the degree of invasion in other parts of the world and that there was tentative evidence suggesting that pollinator generalization in the native range may interact with self-compatibility in determining invasiveness. Based on our findings and the ones of others (e.g. Cadotte & Lovett-Doust 2001; van Kleunen et al. 2008; Py sek et al. 2011) , we suggest that these traits indeed need to be considered in risk assessment and management strategies of introduced entomophilous plant species.
